To learn the extent of human exposure to polyfluoroalkyl compounds (PFCs) in a remote fishing population, we measured, in Faroese children and pregnant women, the serum concentrations of nine PFCs, including perfluorooctane sulfonate (PFOS), perfluorooctanoate (PFOA), and perfluorononanoate (PFNA), by using on-line solid-phase extraction coupled to isotope dilution highperformance liquid chromatography-tandem mass spectrometry. The serum samples analyzed had been collected between 1993 and 2005 from 103 children 7 years of age, 79 of these children at 14 years of age, and from 12 pregnant women and their children 5 years later. PFOS was detected in all samples analyzed, and both PFOA and PFNA in all but one of the samples. The concentrations found are comparable to those reported elsewhere. Correlations between paired concentrations were poor. However, PFOS and PFNA concentrations correlated well with the frequency of pilot whale dinners and with concentrations of mercury and polychlorinated biphenyls. One whale meal every two weeks increased the PFOS concentration in 14-year olds by about 25% and PFNA by 50%. The high frequency of detection of most PFCs suggests widespread exposure in the Faroe Islands already by the early 1990s, with whale meat being an important source.
Introduction
Polyfluoroalkyl compounds (PFCs) owe many of their unique properties to the remarkable strength of the carbon-fluorine bond. PFCs have been used in a variety of commercial applications, such as in water, oil, soil, and grease repellents for fabric, leather, rugs, carpets, stone, and tile; in fire-fighting foams; in alkaline cleaners; in floor polish; in sizing agents for packaging and paper products (to resist the spreading and penetration of liquids); and in leveling agents for coatings (1) . Some PFCs have demonstrated developmental, reproductive, genotoxic, and carcinogenic effects in laboratory animal studies (1) (2) (3) although at serum concentrations that are orders of magnitude higher than those observed in the general population (4, 5) .
Because several PFCs resist hydrolysis, photolysis, and biodegradation in the environment, PFCs are emerging as a new group of persistent organic pollutants. Two of these PFCs, PFOS and perfluorooctanoate (PFOA), have been found around the world in wildlife (1, 6, 7) , in humans (8) (9) (10) (11) , and in the environment (1, 12, 12) . Although environmental sources and routes of human exposure to PFCs have not been clearly identified (12) (13) (14) (15) (16) , crustaceans, molluscs, fish and marine mammals may represent important sources of dietary intake (9, (17) (18) (19) (20) . Assessing human exposure to PFCs in diverse geographical areas may provide useful information for understanding the pathways of exposure to PFCs, so that strategies for reducing exposure to these compounds and their precursors may be implemented.
The Faroe Islands are located in the North Atlantic Ocean, between Norway and Iceland. The Faroese are a fairly homogeneous population mainly of Scandinavian origin with a standard of living comparable to the Danes and other Scandinavians. Based on their need to be selfsufficient with the resources readily available on the islands, the Faroese have depended on a traditional diet that includes fish, pilot whale, sheep, and birds as staples. Blood/serum concentrations of mercury and persistent organic pollutants in Faroese residents are primarily linked to dietary intake of pilot whale (21) (22) (23) , but data on the serum concentrations of PFCs are not available. To determine the prevalence and magnitude of exposure to PFCs in the Faroe Islands, we measured the serum concentrations of 9 PFCs in two Faroese population groups.
Materials and methods

Study populations
One group of participants included 12 pregnant women, for whom blood samples were collected in 2000 at the last antenatal examination, and their 5-year-old children examined in 2005. The mothers were selected to represent a wide range of seafood diets, four of them not eating pilot whale. The second group of participants was a subset of children from a prospective birth cohort established in [1986] [1987] . At approximately 7 years of age (1993) (1994) ) and 14 years (2000-2001) , the cohort members were invited for a thorough health examination. The examinations included a questionnaire about intake of any type of fish (number of dinners per week) and whale meat (number of dinners per month), and blood was collected for analysis for environmental chemicals. A total of 917 7-year-olds and 795 of the 14-year-olds completed the examination. Previous analyses included the mercury concentration in whole blood and the total concentration of polychlorinated biphenyls in serum lipids and showed the impact of pilot whale consumption on these contaminant concentrations (21, 22) . Due to limited blood volume collected, the number of serum samples available for PFC measurements was 103 for the 7-year-olds, 79 of whom were also examined at age 14 years. A majority of 60 boys (compared to 43 girls) were included at age 7 years (44 boys and 35 girls at age 14 years), but the subsample did not differ from the rest of the cohort in regard to age, diet, and exposure to methylmercury and polychlorinated biphenyls.
All protocols were reviewed and approved by the Faroese ethical review committee and the institutional review board in the United States and were found to comply with international institutional guidelines for the protection of human subjects. The project was exempt from additional human subjects review at CDC, because all serum samples were coded.
Laboratory measurements
After collection, the blood was allowed to clot for approximately 30 minutes and then spun at 2000 g for 10 minutes to separate the serum portion of the blood. The serum was transferred to clean cryovials, frozen, and stored at −70 °C until analysis. At the CDC laboratory, by using an analytical method previously described in detail (24), we measured the following analytes: perfluorooctane sulfonamide (PFOSA), 2-(N-ethyl-perfluorooctane sulfonamido) acetic acid (Et-PFOSA-AcOH), 2-(N-methyl-perfluorooctane sulfonamido) acetic acid (Me-PFOSAAcOH), perfluorohexane sulfonic acid (PFHxS), perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDeA), and perfluorododecanoic acid (PFDoA). Briefly, we added 250 μL of 0.1 M formic acid and 25 μL of internal standard solution to 100 μL of serum, and the spiked serum was vortex-mixed and sonicated. The samples were placed on a Symbiosis online SPE system (Spark Holland, Plainsboro, NJ) for the preconcentration of the analytes on a HySphere HD C18 cartridge (7 μm, 10 mm × 1 mm; Spark Holland). The analytes were transferred onto a Betasil C8 HPLC column (3 mm × 50 mm, 5 μm; ThermoHypersil Keystone, Bellefonte, PA), separated by HPLC (mobile phase A: 20 mM ammonium acetate in water, pH = 4; mobile phase B: methanol), and detected by negative-ion TurboIonspray-MS/MS on an API 4000 mass spectrometer (Applied Biosystems, Foster City, CA). The following isotope-labeled internal standards were used for quantification: 18 O 2 -PFOS, 13 C 2 -PFOA, 13 C 5 -PFNA, 13 C 2 -PFDeA, 18 O 2 -PFOSA, D 3 -Me-PFOSA-AcOH, and D 5 -Et-PFOSA-AcOH. To compensate for the lack of isotope-labeled internal standards for PFHxS and PFDoA and to account for matrix effects, the calibration standards were spiked into calf serum.
The limits of the detection (LODs) were 0.1 ng/mL for PFHxS, PFOSA, PFOA and PFNA, 0.2 ng/mL for PFOS, Me-PFOSA-AcOH, Et-PFOSA-AcOH, PFDeA, and PFDoA. The concentrations of PFOS reported correspond to the sum of linear and branched isomers. Standard accuracies (77%-109%), their relative standard deviations (5%-24%), and the precision of the method (6%-16%) have been reported before (24) . To ensure the accuracy and reliability of the data, quality control materials of low-and high-concentration, prepared from a base calf serum pool and characterized as described previously (24) , were included in each analytical batch with the Faroese samples, calibration standards, and reagent and serum blanks. Furthermore, as part of its quality assurance program, the CDC laboratory successfully participated in the 1st and 2nd Interlaboratory Study on PFCs for human biological matrices conducted in 2005 and 2006 (1, 25) . Since 2006, the laboratory also participates in the ongoing German External Quality Assessment Scheme for PFOS and PFOA in serum, managed by the University of Erlangen-Nuremberg (Erlangen, Germany) (26) .
Statistical methods
We performed the statistical analyses by using SAS software (SAS Institute, Cary, NC, version 9.1). For concentrations below the LOD, we used a value equal to the LOD divided by the square root of 2. PFOS and PFOA showed only slight deviations from Gaussian distribution; parametric statistics were therefore used throughout.
Results
High frequencies of detection were obtained for most of the PFCs (Tables 1 and 2) , and PFOS was detected in all samples analyzed. By contrast, PFDoA was detected infrequently-in less than 25% of the samples-and will not be discussed further. Correlations between paired results from the 7 and 14-year-old subjects (N = 79) were relatively poor, with Pearson's r values of 0.144 for PFOS and 0.168 for PFOA. Likewise, concentrations in the pregnant mothers (N = 12) were poorly associated with those seen in their children five years later.
The highest average concentrations were for PFOS (with one child at age 7 years exceeding 100 ng/mL), followed by PFOA and the rest of the PFCs (Tables 1 and 2 ). The PFOS mean increased from 29 ng/mL to 33 ng/mL (p = 0.09) between 7 and 14 years of age, and a 3-fold increase was seen in the PFHxS (p < 0.001, paired t-test) concentrations. However, decreases were observed for PFOA (p = 0.001) and PFOSA (p < 0.001), and Et-PFOSA-AcOH between 7 and 14 years (p < 0.001) ( Table 2 ). During the same period, the children did not change their frequency of fish dinners, but whale meat dinners decreased from an average of 1.9 per month at age 7 years to 0.8 at age 14.
We found statistically significant correlations between the concentrations of PFOS and PFOA (r = 0.632, p < 0.0001 for the 7-year-old children and r = 0.494, p < 0.0001 for the 14-yearolds), and between the concentrations of PFOA and PFNA (r = 0.401 for the 7-year-old children, p < 0.0001). The correlation between the concentrations of PFOA and PFNA for the 14-year-olds was not as strong (r = 0.269). Furthermore, the PFOS concentrations correlated well with the combined concentrations of fluorooctanyl sulfonamide derivatives (i.e., PFOSA, Me-PFOSA-AcOH, and Et-PFOSA-AcOH, which are considered precursors of PFOS (15)), with r = 0.546 (p < 0.0001) for the 7-year-old children and r = 0.635 (p<0.0001) for the 14-year-olds.
In the Faroese paired mother-children samples, mothers had higher PFOS concentrations than their children (p = 0.002; paired t test), but the children had higher concentrations of PFOA (p < 0.001) and PFNA (p = 0.007) than their mothers had five years previously.
Four of the 12 pregnant mothers did not eat pilot whale at all, and their concentrations of Me-PFOSA-AcOH and PFDeA were all <LOD, and the same was true for Et-PFOSA-AcOH for three mothers. Results <LOD were obtained for PFDeA and Et-PFOSA-AcOH only for mothers not eating whale. In children aged 7 years, a tendency of higher PFC concentrations was seen in those who included whale in their diet (data not shown). At age 14 years, PFOS, PFDeA, and PFNA were significantly associated with the frequency of pilot whale dinners (Table 3) . Fish and whale intakes were poorly correlated (r = 0.07), and the PFCs were not associated with the frequency of fish dinners, except for PFHxS at age 14 (r = 0.24; p < 0.05); adjustment for whale intake decreased the r to 0.19. There was no association with sex.
On a relative scale, a high intake of two pilot whale dinners per month is associated with increases in the 14-year serum concentrations of PFOS, PFNA, and PFDeA by almost 25%, 50%, and 100%, when compared to concentrations in subjects eating little or no whale at all (Table 3) . Fish dinners had a much weaker effect, although each weekly fish dinner augmented the PFHxS concentration by about 10%.
Discussion
This study observed a high frequency of detection of eight of the nine PFCs measured, with PFOS as the main PFC occurring at higher concentrations than PFOA and the sum of other PFCs in the samples analyzed. This pattern is similar to the one previously reported in other Western populations (8) (9) (10) (11) . Although the significance of likely exposure sources is unknown, the Faroe Islands may well share some routes of PFC exposure with other regions around the world. In addition, in this fishing community, marine food may contribute to dietary exposures (9, 17, (27) (28) (29) (30) .
The origin and transport pathways of PFCAs into the Northern Hemisphere water bodies have not been clearly established, and several theories exist. One explanation for the presence of PFOA and other PFCAs in the Northern Hemisphere is the atmospheric oxidation of volatile fluorotelomer precursors (13, (31) (32) (33) . Another explanation is the oceanic transport of directly emitted PFCAs (34, 35) . Any of these sources and transport pathways or a combination of them may have contributed to the exposure of Faroese residents to PFCs.
The correlations between the serum concentrations of PFOS and PFOA and of PFOA and PFNA are in agreement with data reported previously (10, 36, 37) . As a possible explanation for such correlations, PFOA and other perfluorocarboxylates (PFCAs, e.g., PFNA) might both be formed from the biodegradation of the volatile fluorotelomer alcohols (14) . The transformation of certain PFOS-related sulfonamides to PFOS and potentially to PFOA in the atmosphere could also represent a common mechanism for formation of both PFOS and PFOA.
Seafood has previously been identified as a major source of exposure to PFCs (18, 28) , and concentrations of some PFCs in marine mammals appear to be increasing (38) . Our results suggest that traditional whale meat consumption in the Faroes may be a major contributor to PFOS, PFNS, and PFDeA exposures, while fish dinners appear less important, except in regard to PFHxS. The latter PFC showed a noteworthy 3-fold increase over the 7-year interval between the two examinations. However, the sensitivity of the present study to detect dietary associations was limited by the crude information available, without details on the type of fish and portion sizes. Although imprecise, dietary intake levels at age 14 years may reflect longterm food habits and thereby indicate possible PFC accumulation from seafood. PFOS and PFHxS deserve particular attention, because serum concentrations tended to increase during the 7-year interval between examinations of the children, despite the decrease of whale meat consumption by over 50% during the same period and fish intake remaining constant.
The mean concentrations of PFOA and PFOS in the mothers in this study are slightly below average concentrations reported in Danish pregnant women (39) and similar to average concentrations in US females during 1999 -2000 (10) and in women in other countries (40) (41) (42) (43) (Figure 1 ). Data on PFC concentrations in children are available only for the US (10, 36, 44) . The mean concentrations of PFCs among the 14-year-old subjects in this study were similar to the results for 12 -19 year old adolescents from the general US population during 1999 -2000 and 2003-04 (10) (Figure 2 ). The mean concentrations of PFOS and PFHxS in the 7-year-old children in this study were lower than those in younger children in the US (44) .
The collection of the children's samples analyzed for this study spanned over a period of 12 years starting in 1993-4, when the samples for the 7 year old children were collected. We found detectable concentrations of most PFCs, regardless of year of collection (Tables 1-2) . These concentration data, the first reported for Faroese residents, suggest that children from this North Atlantic community have been exposed to PFCs at least since the early 1990s. While estimated serum elimination half-lives of three of the best characterized PFCs range from approximately 4 to 7 years (PFHxS, 7.3 years; PFOA, 3.5 years and PFOS, 4.8 years) (45) , the correlation between paired PFC concentrations among the Faroese children was rather poor. This finding would suggest that exposure sources were changing with age, or changing with time. In addition, the correlations-and lack thereof-between PFCs deserve to be further explored in regard to possible sources. In this light, the associations with whale meat consumption is noteworthy and suggests that other Northern populations whose traditional diets include marine mammals may also be exposed to PFCs trough their diet. PFOS and PFOA among selected female populations (44)). PFNA for children 2-12 years old was not available. 
